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Abstract

We have analysed SatelliteLaser Ranging observed baselinerates of

change and compared them with ratespredictedby platemotions as de-

termined from sea floorspreadingratesand directions.With the number

ofyearsof o_)serv_tionno'w:over six"formany of the baselines,the inaccu-

racy ofdeterminingbaselineratesofchange has diminished so thatin some

casesitislessthan a few mm per year.Thus, the geologicalratescan now

be compared directlywith measurements which sometimes approach these

geologicalratesin accuracy. In most cases,there isgood agreement be-

tween the ratesdetermined from SLI_ and geology,but in some casesthere

appear to be discrepancies.These discrepanciesinvolvemany of the data

for which one end of the baselineiseitherQuincy (California),Huahine

(French Polynesia) or Shnosato (Japan). We have devised a method for

looking at the discrepancies for these SLR observatories which allows us to

calculate the motion not modelled by the geologic information. The results

will be discussed in terms of what is known about plate margins, and other

information.

Introduction

Satellite Laser Ranging (SLR) to the Lageos satellite has been in opera-

tion for over a decade. The accuracy of determining baseline lengths between
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SLR observatories has been improved to the point where rates of change be-

tween sites can be mdasured to a few mm per year (Christodoulidis et al.,

(1985); Tapley et al., •(1985)). It has :therefore become possible to compare

in a meaningful way'rates of;change establishedlfrom SLRdata arid rates of

clia_ge _stablished_from geological considerations" ;rn ,this paper, we.c6mpare

these two methods in'order ,to arriwe, at,some information about whether ge-

ological rates, which are estabUshed for time, spans of a few million years,

are comparable to rates established from a few years of SLR data.

In order to compare the two sets of results we have used several different

models which describethe geologicalrates.In particularwe have used the

models developed by Minster and Jordan (1978)and Chase (1978) and a

more recentone calculatedby DeMets et al.(1989).The data which go into

these models consistof three types. Sea floorspreading rateinformation

givesrates of separationbetween two platesseparated by a mid-oceanic

ridgewhich are calculatedby'measuring the distancebetween characteristic

marine magneti_ anomalies whose age is known from the magnetic rigid

reversaltime scale.The characteristicanomaliesare usuallylessthan three

millionyears old,,sothat theseratesare average ratesover thistime scale.

A second type of informationconsistsof the strikeof fracturezones

offsettingthe mid-ocean ridgesystem.This information,givesthe direction
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if,

of' relative motion between the plates separated by the mid-ocean ridge.

Again, the'infor/nation gives an average direction over the last few miUion

years. If the direction of motion changes then it will take some finite amount

of time for .the strike of the fracture zone_to" respozid to:this directional

_ The third type of motion indicator comes from earthquakes, and consists

of calculating the directions of first motion from large earthquakes. This also

gives information about relative directions, but since the earthquakes may

be on subduction zones as well as on spreading centers, valuable additional

information is provided• However, the information is restricted to present

day relative plate velocities.

Earlier work has been described by Christodoulidis et al. (1985) and

Tapley et aI. (1985). Christodoulidis et al. (1985) showed that overall there

was good agreement between SLR results and those from geologic informa-

tion. They calculated 34 interstation baseline rates of change between 12

different SLI_ stations, using the SL-5.1 results from 1979 to 1982. The

average uncertainty in the $LI_ rates from this limited data set was about

2 cm/yr. They then compared these rates with those predicted by Minster

and Jordan (1978). Overall the results were comparable, in that the corre-

lation coefficient between the SLR rates and the Minster and Jordan rates
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was 0.61.However, in some casestherewere discrepanciesof up to 2 ca/yr.

These may have been caused by the inaccuracy,of determining SLR rates

from the limited data available. _.. __ ++ •

In this paper we discuss a set of SLR rates measured over a much longer
: • • +

time interval, resulting in lower errors for these rates, and compare them

with ratesfrom a number ofplatetectonicmodels. W efindthatmost of the_
+ i',;*_ _" ;:+ +_ _ ' +_ "+ ++ ' '

SLR data fitthe platetectonicmodels to within+theformal uncertainties,
, _ _ +_ • . . • • ,_

but that in some cases(involvinga small number of stations)there is+a

significantdiscrepancy. These stationsare Quincy (northern California),.

Huahine (French Polynesia) and Simosato (Japan).

A very similardata sethas been analysedby Smith et al. (1989)using

a differentprocedure. Many of the resultswhich they obtainare simlarto

those describedin thispaper.

Methods of SLR Data Analysis

We have used forthe most partthe data setof annual stationpositions
,',+ +. • E + _ _ ' " ......

derivedfrom the GSFC SL?.I method of SLR analysis(Smith et al.+ 1989)
,_.7'.,. + _ ! ) +._ , _, _ .... '+. , .: ......

for data from launch through the end of 1986. This data set A isthe data

describedin tables2, 3 and 4. A more thorough +treatmentof these data

isfound in Douglas (1988). A more recentdata set(data set B) was used

to estimatemotions of the threestationsmentioned above,sincewe wished
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wished to use the most recentdata in order to achievea betterstatistical

estimateofuncertainty.This isthe data setused togeneratethe information

in tables 5, 6 and 7 and in all of the figures. It consists of geodesic rates

based on quarterly station positions through June of 1988. We have used the

: geodesic rate changei, I.e. the temporal changes in -the length of arc along

: the ellipsoid of revolution between the two stations under co'nsideration. For

the geologically "_'_" "_derived rates; t_s" change _lay 1)e calculated from relative

rotation pole positions and rates given in the plate tectonic models. It is

given by the following equation.

dA R sin O_sin 02 sin o_ da

d-t"= x/l - (cos0_cos0_ + sinO,sin0_cosa)2 dt (I)

where the quantities are identified in figure 1. The z axis is drawn

through the rotation pole for the relative motion of plate 1 (on which station

" __ ..... _, _ _P_! _ situated) and plate 2 (on which station P2 is situated), da/dt is the

rotationrateand R isthe racliusofthe Earth. The SLItrates0fChange were

calculated using a weighted least squares procedure, re.quOting in a change

plus a standard error for this change. Both _'! 'these quantifies will be Used in

the method to determine additionalmotions describedbelow_ Our data set

A indudes ratesderivedfrom Goddard Space FlightCenter (GSFC) SL7.1

solutionfor lasertrackingdata through the end of 1986. In our analysis
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used the subset of twenth _stations with at least four years of tracking data,

shown in table 1. Between these stations we computed 134 baseline rates,

for all station pairs With four or more common tracking years (rather than

the 308 possiblebaselinerates).A more complete descriptionofthe results

__. is given, in Douglas (.1988). For these 134 baseline pairs the averse of all the

standard'errors of the rates was 17 mm/yr."A complete list of the basellne

rates:plus standard' errors,' trod the estimated rate from Minster and Jordan

(1978), DeMets et ai. (1989') and Chase (1978) can be obtained from the

seniorauthor. •

In terms of the agreement between the SLR rates and the plate tectonic

rates, some comparisons are summarised in tables 2 and 3. Table 2 gives

correlationcoefficientsand slopesforthe Minsterand Jordan versusthe SLR

ratesas the dependent variable,forallSLR ratesusingmore than fouryears

t "
.....T ____r__.__:r__ofj_ta.: 11can_be_n ._that,ingeneralas the data with largeruncertainties

are omitted from the calculationthe agreement,becomes better. Also the

agreement as.measured:by the._orrelationcoefBcient i_considerablybetter

than that reportedby Christodoulicliset al.(1985):Table 3 shows a similar

comparison forSLR ratesestablishedusing more than fiveyears of data.

There is'aslightlyhighercorrelationcoefficientforthe Nuvel model (DeMets

etal.,1989) than forthe other two, but the differenceisnot statistically



x°

significant. Also, the correlation coefficients are better for One 5 ÷ years of

d_ta than for the 4 + years of data shown in table 2 ...............

Thee tables also show that the correlations are better if the intra-plate

__ '_ numbers _,are,omRted from the calculation. This. is prgbably due to the

....... _-i_............. i........... -f_ct that these .intraplate n _umberstend to. _be dominated by non-_rigid plate
....... _Y--_-=_ _:_-('_' _i_ '_) _r "'_, _ _ " ...... "_ _ _ = _ ......... _ _° " ' _ _ ....

behaviour close to the plate boundaries. For the data set with the best

agreementbetween SL_ and plate tectonic rates (the Nuvel model using 5

+ years of data and only interplate baselines) the maximum discrepancy is

2 cm/yr.

The discussion above shows that there is in general very good agreement

between the SLP_ rates and the plate tectonic rates, with a slight preference

for the latest plate tectonic model produced by DeMets et al. (1989). How-

ever, there are some significant discrepancies which we shall now discuss.

_It was _oticed early on in this analysis that several stations seemed to

have a greater degree of discrepancy between SLR rates and plate tectonic

rates. In order to quantify this in a more systematic way, we have calculated

the following quantities for each station. We measured the ratio between the

discrepancy and the standard error of the SLR rate. High values reflect a

larger uncertainty normalised to the potential error in the SLR data. Then
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these valueswere averaged for each station.Results are given in table 4,

for each stationwith 6 or more rates• The stationswith the two largest

numbers, Owens Valleyand Grasse_have one verylargeratio(between these

two stations)which distortsthe generallygood agreement between SLR and

platetectonic._rates._he.SLR,.ratebetween _hesestationsis-98 4-8 mm/yr

- anclthe Minster and Jordan rateis20 nun/yr, givinga ratioof14.8.

The next largestvaluecomes from Huahine, indicatingthattheremay be

some additionalplatemotion forthisstation.The high valueforMonument

Peak isalsocaused by a singlelargevalue,from Fort Davis,as isthe high

value from Otay Mountain (from Quincy). Although these two stations

may be recordingnon-rigidplate motions, we have not consideredthem

furtherbecause thereare severalother stationswhich have more discrepant

values. For instance Quincy has,a relativelyhigh value,caused by many

disagreementsbetween SLR.and platetectonicrates,as does Simosato.

Bear Lake alsoshows a high degreeof discrepancy.!However, for Bear

Lake thereare only fivebaselinesexcludingthe baselineto Quincy and so

we have.not analysed,the,Bear Lake data any further.

Figure 2.shows the data for Quincy. Each lineshows the directionto-

wards one of the other SLR stationsfor which there are.useable baseline

data to Quincy. ,By each line.thereisa number which givesthe discrepancy



between'the SLR data and the Minster and Jordan model, such that l_SS_-

tire vaIues _show that the SLR baseline rate is more positive than that given

by Minster and jordan. ,I_ other words, positive values indicate that the

=_ : _tatio_ _pair is movingapart, c6mpared With the Minster and Jordan (1972)

........ _ _:---_p_diction_ .The immb_rin _aren'th_ds is the'standaxd error in _l_t_rmining

the SLR baseline rate chmnge. For all practical purposes, the formal errors in

the Minster aad Jorda_ model are so much smaller than the SLP. errors thkt

we have ignored them. We wish to choose an additional motion of Quincy

so that the discrepancy is minimised.

squares sense, described below.

We have done this in a weighted least

The bearings from the stations under consideration to the other stations

are _b1,<_,.--<_.The unmodeUed velocities(SLR Minster Jordan) are

vl;vL.. :v,_, 'each of which ha_ an error el, e2,...e,. In order to determine

'_:_--_':-_"_"_'_" ...... _ F=__.( v_-Xc°s4_-Ys _)_" _ '_ (2)
i=1 ei

where X, Y are the N, E, components of the velocity.

._
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a7 = 0 - (4)

Equations 3 and 4 may be solved for X and Y.

The result is shown in figure 2, and it can be seen that the additional

unmodeled motion of the Quincy station is towards the NNW at 22 mm/yr.

........... We have also analysed the errors and have determined an oval of confidence

around the motion vector. This has been done in the following way.
_:, .._.,-..:.,.,_,;i - ':,';,_ , °,'._-,;_',; , '_)_-._ _ _'., " '

We findthe variance-covariancematrix W, where
• ,-, t" •._ ,. : _ _ ,._ ._ . ..... i,, , • , : _,. " ;. ., .

W=

W - (ATv-'A) -_

where

A-

f

cos_ sin¢_

cos_ sin¢_

'. -.: _;. ',

cos _. sin ¢.

(5)

(6)

(z)

and• ., . ,_ -: .. :.' • -_..,..,;, _. ._ _.



• , d" o-.-. o /

' ......'_'_:_'_'_'v_ °-d'"°[ (8)

. .- _- _" ;....... 0 0 .,'. e,_

"> .... _'-_:/._-; ;,_L_) _ Is then rotated ;to remove the diagonal elements

............. " " " ....i /_'_, o/
...."'_ ":"' w'=/ .......I

o
(9)

and cry,,cru,used to constructan ovalof confidencearound the motion

vector.

The formal errorfor thisadditionalmotion of Quincy with respectto

the North American plateislessthan 2 ram/yr. There isgeneralagreement

between the data coming from different areas. For instance the data coming

" coming from the east show a small amount of extension except for one fairly

inaccurate result which will not be weighted very much in the calculation.

Data coming from the NE show very consistent small amounts of closure,

whereas data from the western side are all consistently fairly small.

It is clear that this error analysis leaves something to be desired. The

error analysis does not take into account any scatter or disagreement be-
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tween the original results and the proposed motion. And it is fairly clear

that in many cases the formal errors do not account for the actual errors

in the data. This means that there probably are systematic errors in these

SLR data which do not show up on the distance versus time plots. This can

be most easily seen in the data'from Quincy (figure 2). We can compare the

• observed data with what the model produces, which has been done in table

5. The fact that the ratio of the disagreement _between SLR and geological

rates and the formal standard errors is frequently very large (last column in

table 5) shows that the formal standard errors are probably too small.

We have therefore carried out an alternative analysis of errors. We have

calculated the best fitting additional motion vector using unweighted values.

We have then compared the individual station results with those predicted

by this additional motion vector and used the differences to establish a

error value for the-analysis outlined above. • •

.... Results for _both methods are given in,.table 6,, In this table, it :can

be seen .that the. final error for the Quincy data is now much larger than

when the formal standard errors are used.. Consequently, we have used this

second result (labelled (b) in table 6) for comparison with other data. The

difference between the (a)and (b) results for the other stations is in general

13
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quite small. There is often a large discrepancy in the bearing of the X r axis

for theerror elliIise, but since the difference between the X and Y axes for

these ellipses is in gener_ quite small, this discrepancy is not important. The ....

only station other than _uincy which shows a significant difference between

--,_,- , ,_-,; _i_ "_ _ _ _ 'U_'_ , °

"_ the two methods of an_.lyms is Huahine. For this statmn, the (b) result g_ves . _ -__ ....

much smaller _rrora _an t_e (a) result, although the alignment of the error-r ,,

........ _ .... 7: empse, wmcn zs qmze etonga_ea in both cases due to the placement of the

_:-;_ '_ _:;IY _: : :' data, _s mmilar, in order to take the more cautious approach we have used

the (a) result from _l_uahine in further discussion.

Quincy Results

Quincy lles on the North American plate (i.e. it is to the east of the San

Andreas fault) but it lies west of the Basin and Range extensional area of

North America and therefore any movement across the Basin and Range will.

produce a motion "of Quincy _ relative to cratonic North America. Minster __ - . •

including neo_ctonic ]n_'ormatiOn about strain across the San Andreas fault,

plate motions, and Very Lon i" Baseline Interferometry (VLBI) information

from stations'mainlyi_ North:America. They Produced three models of

motion hi which the pl_t_tecto_c motion between North America and the

Pacificplatewas divided 'up between motion along the San Andreas fault,
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motion to the west of the fault (California margin) and motion to the east

of the fault (Basin and Range). All three models gave approximately the

same motion for the Basin and P_ange extension, of about 9 _mm/yr on a

bearing of about 55 ° W. Our results show motion in approximately the Same

• o .

• direction, but.of somewkat l_ger m a_tude.

, - _Having regard for the fairly large errors associated with the SLR d'£ta,
- i

": ;as shown in figure 3, the discrepancy between the two results is fairly small.

It should be noted that the data types used in the two calculations are

very different, the VLBI data coming mainly from cratouic North America,

whereas the SLIt results come from world wide stations.

In addition, some of the seven VLBI results used by Minster and Jordan

are to Owens Valley,and another two are to Hat Creek. Ifthere are rel-

• ative motions between these stations and Quincy, a discrepancy should be

,_.._ The res,u!t from Minster and Jordan plotted in figure 3 is their preferred

:" :• result :C which has a 95% error (twice the standard error) of 4.2 ram/yr.

"=,-,,.Model B of Minster and Jordan iscloserindirectiontoour resultand has a

" ,95% err.or of 7.8 mm/Yr, causing the 95_0 error areas to overlap considerably•

We.therefore believe that these SLR data confirm that there is an additional
6 ,

motion of Quincy associated with basin and range extension, _d agreeing

15
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approximately with the results ofMi.nster and Jordan (1987).

.,; . _)ata fro_ Huahlne have also been analysed in a similar manner. Fig-

: .......... -; ........ _res ,4 a_d. 5 give : .... ::__/_: _ '............. the results, B_ause,of _he geographic location' of this

--__:._ _i_;_o_::: =- _-t_t!_,h,Jhesouthem:P_c_n_almost all of the baseline directions

.... :_ _ ;;-: : - _ : are tpw.a_ds.theNE,.T]_e additional m0ti0n:of Hua_ine is towards the W at

_;.i_--_;717_7.,: 1;1-_7;:77:_i 1_ _lYr._: Becaul 01 the.dafa locations,ihe errorin the directionof the

majority of stations, towards the NE, is fairly low at 3 mm/yr, but the error

perpendicularto thisdirectionisverylargeat 7,4mm/yr. Nevertheless,the

oval of confidence lies very far from the origin, so that the data support an

additional motion of Huahine, the directon of which is not very specific. At

thistime itisdifficultto postulatewhy thisadditionalmotion isproduced

for Huahine. There appears to be.llttle evidence for an additional plate

Simosato _esults .... ; ,_,,_ ._, :...,.... ,_,_,_ : .......... _. _;;__ ._., ,

..-, The third station which gave a significant amount of disagreement was

that at Simosato, located in Japan. This station is_formally on the Eurasian

plate because it is to thewest of the trench. But other plates come very close,

including the Philippineplate and the North American plate. There is some

controversy concerning the location of the plate boundaries in this part of



i

Japan. Chapman and Solomon (1976) suggested that the North American-

Eurasian plate boundary ran through Hokkaido into the trench. However

Seno (1985) suggested that the plate boundary might join _he trench fur-

ther south, having run through the Island of Honshu. In a discussion of

• - VLBI data; _Hekl et' al.. (198T) suggested:that;the Japanese' VLBI station at

.. Kashima lay on. the Nbrth American plate.,, How_ever; Kashima is to the east

of Simosato, and from the map .(figure 4 in Held et M. (1987)) it is clear that

Simosato is on the Eurasian plate, but very close to.both the Philippine and

North American plates: ....

We have therefore done calculations assuming that Simosato is on each

of these plates in turn. Results are shown in figures 6 - 11. All of the added

motions are roughly towards the NW and are 23 to 37 mm/yr. Because the

azimuthal coverage is considerably greater than.that for Huahine, the error

......... _ ..............._=_pses :_e ]_s.do_ngat_LLh_n in _the case of.H,m.Mn_ -._ .....,_._ ._ _.....,....__ _- -----7-_

It has been proposed that the collision between India and Asia results

in deformation of the Asian continent, the eastern part of Asia moving to

the,east in order to make room for India. Note that tkis is not in the right

direction to explain.the, results from Simosato, if this station is truly on the

Eurasian. plate. The fact that neither of the three results is null suggests

that we should look for alternative explanations _or the additional motion
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of Simosato. _ ............... _:;.,: . .... , ..." ....

The resultsfor Simosato consideredto be on the Eurasian plateaxe in

genera/betterin thatthe reductionin thevariance,shown inthe lastcolumn

_ _ of figure 5, are larger than for the other two plates, this reflecting mostly the

........... _:i_ I_-_Z=._-.)_=- l_er motion _Of Simosato_ifit is _sidered to be :on this plate (37 mm/yr

............ :___i_'ed to 23 or 24 mm/yr if it is .on'the Philippine or North American

........ _ _::_ -.... plates).. One possibility is that the strain between the Pacific plate and the

threeother platesunder considerationmay _ot be completely taken up at

the trench,and thatlandward ofthe trenchsome ofthismotion isalsoseen.

In order to check thisout we have determined the directionand rate of

relativemotion between the Pacificplateand the other three platesin the

vicinity of Simosato. These results are given in table 7.

-- There is in facta remarkable agreement between the directionsof the

tion between the Pacific plate and the plates to the west .............

Evidence has recently been accumulating that strain across subduction

_nes is not all taken up within the trench, but that some additional strain

occurs landward of the trench axis. This evidenc_e comes from looking at

breakouts in holes drilled into the basement by the Ocean Drilling Program

(G. Brass, persona/, communication)..These results do not of course give

18
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any estimateofthe amount ofthe strainbeing transferredto the landward

plate,but the directionsof motion are consistentwith the relativemotion

vectorsbetween the-pairsofplates.

_ Jarrard (1986) has.produced a compilationof data relevantto crustal

stressbehind islandarcs.He dividedthe stresspatterns,intoseven different

categories,categories_i to-3being extensional,category4 being indetermi-

nate,and categories5 to 7 being compressionaL The Japan arcwas divided

intotwo, at some fairlyunclearlocation.The SW portionof the islandarc

had.a strainpattern behind itin the fifthcategory,indicatingmild com-

pression,whereas the NE portionhad a strainpatternin the sixthcategory,

indicatingmoderately strongcompression.These resultsalsoagreewith our

conclusions,althoughwe cannot ofcoursequantifyJarrard's(1986)findings

intocompressionalrates.

up behind the trenchaxis,although hisdiscussioncentersaround transcur-

rent motion and not normal or reversemotion. Nevertheless,he demon-

strates.thatback arc areas are not simply passivelocations,but can be

activelyinvolvedin strainassociatedwith subduction.

Conclusions.,

We• have shownthat overallthereisgood agreement between SLR rates

19
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and those determined geologically. As the number of yeaxs of data increases

the agreement becomes better. However, for Several stations there axe sig-

nificaat discrepancies, which have attempted to analyse.

- . Data.from Quincy (in Northern Califofitiz_ east of the San Andreas fault)

_._ ............. :_. _- appear- to show evidence for Basra and Range extension and omr data _gree

o--- - -_:: -_ fairly well with those given by Minster and Jordan (1987), having regard for

_,-:_:_:_-_-_: ::;:_,:: ° _'-_- the diffexent data types and origins used in the two analyses. Data provided

to us by Goddaxd Space Flight Center for baselines to Quincy significantly

underestimate the error in determining baseline rates of change, as judged

by the consistency of the data from different baselines to Quincy. In order to

deal with this we adopted a slightly different statistical analysis for Quincy

than for the other two stations for which SLR versus geological discrepancies

axe. - .

iI ...........

ummodelled in the geologic p_te motion information, This additional mo-

tionmay be due toan unknown plateboundary, althoughthisseems unlikely

in view of the fact that there is no other information supporting this con-

clusion. Because of the distribution of baseline azimuths around Huahine,

the additional motion is not well constrained in one of its components.

Data from Simosato (Japan) alsoshow discrepancies,which appear no

2O



matter whether Simosato is considered to be on the Eurasian,. North Amer-

ican or Philippine plates. The additional motion is very closely in the di-

rection of _the relative n_otion-between the Pacific plate and the plates on

: the Asian side of the subduction zone. Thissuggests that strain may not be

.. .... completely taken up atthe trench axis, but.some'of,it,may extend landward

ofthe .trench axis. Conventional methods .of measuring plate-tectonic rates

cannot be, applied totrenchs_ only ridge crests. However, in addition to SLR

stations located just behind trench axes, there ,are also several VLBI sta-

tions ,also located in strategic positions behind island arcs, and so it should

be possible to determine how much back arc strain is taking place by looking

at the relative motion of these stations with respect to other VLBI stations

around the world. .
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Table 1

Satellite Laser Ranging Stations Used In This Study
STA

7062

7082

-:,:_:, 7086
.......... _ 7090
:-- == - 7105

_.___$7109

n 1o
.........7112

7114

i@_ i{= i;= i=::7121
!_ _:_--:-t" ' 7122

7210

7834

7835

7838

7839

7840

7907

7939

- 7943

NAME = PLATE LAT/' N LONG, ° E _,_,_-:t.... LOCATION

OTAY MTN PCFC 32.6 243.2 SAN DIEGO CA, USA
BEAR LAKE _:_ NOAM 41.9 248.6 UT. USA

FORT DAVIS NOAM 30.7 256.0 MCDONALD AFB, TX, USA

YARRAGADEE AUST _). :29.0 ..... . 115.3;,_iAUSTRALIA ..... i:.",_.,

GORF STA NOAM =39:0 283.2 GREENBELT MD, USA

QuINcy_I I _,___:!_OAM :3 ; ; 40.0 .... 239.1 QUINCY CA, USA
MON. PEAK PCFC 32.9 243.6 MT LAGUNA CA USA

PLATTEVILLE ! NOAM _' 40.2

OWENS VAL. NOAM 37.2

HUAHINE ,v _i_'_.v PCFC -=.,_ -!6.7
MAZATLAN NOAM 23.3

LURE, HW _; o PCFC 20.7
WETTZELL EURA 49.1

GRASSE EUILA 43.8

SIMOSATO EURA 33.6

GRAZ EURA 47.1

GREENWICH EURA 50.9

AREQUIPA SOAM -16.5

MATERA EURA 40.6

ORRORAL : AUST -35.6

;_._255.3.._ CO, USA

241.7

'_,:_209.0 ;_"

253.5

203.7

12.9

6.9

135.9

15.5

0.4

288.5

16.7

149.0

O.V. OBS, CA, USA

SOC. ILS., FR. POLYNESIA

SINALOA, MEXICO

MAUl, HI, USA

WETTZELL, FRG

GRASSE, FRANCE

HYDROGRAPH. OBS., JAPAN

GRAZ, AUSTRIA

R.G.O., UNITED KINGDOM

AREQUIPA, PERU

MATERA, ITALY
AUSTRALIA

=

ORI_._L p_.(_ tS
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TABLE 2

4+ YEAR GEODESIC BASELINE RATES

Nonweighted Linear Regression: SLR vs. Minster and Jordan (1978)
BaselinePair Subsets N SLOPE CORRELATION

All.possible4+ yr bslns,(No edit) 134

All4+ yr INTERPLATE bslns,(No edit) 105

Baselines, (dr:<:AO mm/yr) " _ : "L: .:131

INTERPLATE bslns, (a < 40 mm]yr) _,_ 102

Baselines,(a:_'.30mm]yr) --:-1:-" : '108

INTERPLATE b.slns,.(a< 30 mm/yr) 79
: : . :.::,._.':....... -.

laselines, (a <: 20 mm/yr) 62

INTERPLATE bslns, (a < 20 mm/yr) 61

Baselines, (a < .15 mm/yr) 68

INTERPLATE bslns, (a < 15 mm/yr) 48

.854 4- .055 .802

.858 4-,054 .840

i4 " ..- ..

•8504-.056 ,,, " .798
•8554-.055 - - .834

_. - : . .

•8694- .060 .814

.8834-4-.058 .862

•851 _ .066 .853

•869 _ .056 .864

•889 _ .062 .865

.8974- .069 .882

Baselines, (a _<10 mm/yr) 50 .883 4- .079 .846

INTERPLATE bslns, (a <10 mm/yr) 31 .885 4- .088 .860

Baselines, (a < 10 mm/yr) 43 .857-l- .088

INTERPLATE bslns, (a < 10 mm/yr) 31 .859 + .100

.829

.840

'::: : " Baselines, (a < 6 mm/yr) 19 .946 4-.080 .938

: _ Y -, INTERPLATE bslns, (o" < 6 mm/¥rJ ...... 12 _.q34 4-_nan .......... o=m

25



Table 3

........ 5+ YEAR GEODESIC BASELINE RATES

",_ Nonwe_hted Linear Regression: SLR v.s. Geologic Models :-'_-_'
BASELINE PAIR SUBSETS N SLOPE CORRELATION

=_==___-:_,:_:._"_';'" 5+ YEAR BASELINES (a < 30 mm/yr)
Minster_and J_rdan (1978) Model Values _ 50 0.878 -t- .056

,_ :: _< _: :_i DeMets NUVEL-1 (1981) Model Values 50 0.934 + .058

: (  978)ModelValue 5o o.85s .056

.... _-- :i:-i_ !!_:_:_=,_ 5+ YR, 1NTERPLATE BSLNS (a < 30 mm/yr)

Minister• _dSordan_(19?8) Model Values 42_ 0.879 + .O56 .924

_:_-i_-:i I_M_. N_jEL1 (1987) Model: Value_ " 42 0.935 ::E:.059 .926

_--_:_:_-?_ Chase (1978) Model Values 42 °0i859 4-.057 _ ...... .918

_ _,_L_¢,__ _ ,._:,t_5+ YEAR BASELINES (o < 15 mm/yr) .-

Mister and Jordan (1978) Model Values 34 0.942 4- .046 .961

DeMets NUVEL-1 (1987) Model Values 34 i.005 4- .046 .966

Chase (1978) Model.Values .......... 34 0.931 4- .046 .961

.r

.9i2

.914
.907

5+ YR INTERPLATE BSLNS (o < 15 mm/yr)

Minigterand Jordan (1978)Model Values

DeMets NUVEL-1 (1987)Model Values

Chase (.!978)Model Values

28 0.942_ .041 .974

28 1.0054-.040 .979

28 0.9314-.041 .973
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Table 4 ..

Agreement between SLR ratesand _,:-

g..eologicratesforindividualstations " •

Station - ,,,: Meaa of Staadard Dev. Number of

........ : : - " l_tios r .... : of R_tios '_' . _,Baselines

Owens Valley,--.:,:_,._2.79 .... :"_4.33 ......I0--_:":

Grass_:_?':-:_:)5"_;/;,:-2.43,,- _;".4.21 ; ii:._,

-:/Monument Peak 2.22 2.85 15

_ '2,07 ..... _,_ -.2.22.2 ....... ,.,-18 "

-O.t_y.Mt,;-,;?kj:i,_!':-.::.1,82":.:_ _-',:._67i_t:. : :): _' i8: o -_:
Baam.Lzke _,_,_...,._.,1265 ,,"::!-.,i..,il.._,:.'-./.,:-.6,-._,b,-.

Mazitian .....'_"......

PIattevilIe

FortDavis .-,':-::

Greenbelt • _-•

Azequipa

Yazragadee

Wettzell

Lure, Hawaii -_
Orroral ":"',

Greenwich _ • ..,

Gra,z

Matera

1.49

1.40

1.35 ,

1.32 ..

1.26

1.22

1.22

1.21

1.21

0.87

0.77

0.62

1.34

1.33

0.98

2_71

1.13

1.02

1.04

1.10

0.80

1.18

0.63
0.68
0.42

14_;::_

13

7

15

19 ....

19

19

I0

16

7

13

13

13



Table 5

__: SL R l_tes far Quincy

Station _ SL_ P_te,:- Mod_ Rate, SE of SLR Rate,

........ mm/yr(r) , m/yr
Otay Mtn 45 30

Beax Lake ,_ ,"29

": " "-;'==;_ - :: axr_gaAee 7
"Greenbelt ....... " _''_

• 5

.... *'Lure ;_:': _.!_i-1

.... _rasse ° "'-5

Graz ..... -8
Greenwich -8

Areqttipa 22
Matera -16

: Orrora,1 r "5

: : _:23

.  ,.20
_. ,x.._, 0

-19

-16

" --19

-17

27

-18

3

.mm/yr (s)

18

, , 4

:.: 6

,. 10
3

,_ 4

5

11

5

5

3

5

10

15

27

18

16

0

2

2

24

1

11

11

11

9

5

2

8

3.0

1.5

4.5

2.7

0.0

1.0

0.2

8.0

0.2

2.2

1.0

2.2

1.8

1.7

0.4

0.8

28



..... T_ble6 "

Additional Rates from SLk Data

Station P_te Bearing Error R

":.;_:(:" _°E mm/yr mm/yr

- ,Quincy(a) " 22.0 -22.4 -0.1 1.3 1.1 4.5

_Q_(b) 21.4 -31.7 ::27.8 4.5 3.6 2.4

: Ku_n_(a) 16.8 , -99.8 36.3 2.6 7,4 4.0

_ ,_Kual_ne(,.b)._17.7 ._i-_-98.1:33.6 1.9 4,3 4.3
•"f':/./_,_o,ElJ(a) * 36.7 '.:: -66.4 !'i!:1.7 2.8 3.1 13.1

--:,S'.zmo.EU(b) 37.7 "'-66.3 .... 19.6 2.7 3.0 13.9
:,_o.NA(_)- 23.6 " -44.4= :_'1.7 2.8 ' 3.1 7.7

:S'mzo.NA(b) .......24.7 _,, '45.9 :,35:2 2.4 3.1 7.8

_S'mao.PH(a) 22.6 -65.7 -1.7 2.8 3.1 4.9

Simo.Ptt(b) 24.2 -64.6 :20.0 2.9 3.2 6.1

• (a) values calculated using format statistical uncertainties

SLR baseline change.

of

(.17.)values calculated using constant uncertainties established

from difference between SLR rates and model rates.

.r
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Table 7

RelativeMotion Velocitiesat Simosato

•_-._,,-, Plate Pair .... __ _Direction Speed, mm/yr

Pacific-NorthAmerica _ 69.4°W : 86

Pax.ific-Eurasia 72.0°W ;_-:....98 ....-...-

--..,_.:,;,....., P,acific-Phillppinel.. 75.5°W _ 93

• _,_. _. . - __- .

}.,
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-. " Figure Captions

I

Figure 1. Geometry of.determination of baseline length change (dA/dt)

...... between two stations PI,.P2 ,from the-rotati££ rate da/dt about the axis of
7._.

"......:'" • " _-_.-"-relative rotation OZ. "..... :""_ .....,-

, :_:-'..:- ? ,=_;= Flg_re 2. l_atlw motion data for Quincy. The lines show the bearings

:._., _' ::_ to other SLR Stations. The numbers opposite the lines show unmodelled

..... .. -,,."._:" -;, ,__

............. 'motion, -ve numbers meaning relative shortening. The numbers in paten-
...- .-,.. "." :. .....

_:..... theses show formal errors associated with the baseline rates of change.

....... Figure 3. AddltionM motion of Quincy measured by SLIt data sur-

rounded by a 95% ellipse of confidence. MJ shows the preferred Basin aud

Range extension of Minster and Jordan (1987) for comparison.

............:-_. t'igureb. Additional motion 0f_IIfiahinemeasured by SLIt data sur-

•-=... -..irounded by a 95% ellipseof confidence.-.......

__ Figure 6. Same as figure2 but forSLR. StationSimosato consideredto

Figure 4. Same as figure 2, but for SLR Station Huahine (French Poly-

nesia)

be on the Eurasian plate.

Figure 7. Same as figure 5 but for SLR Station Simosato considered to

be on the Eurasian plate.

°..
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Figure8. Sameasfigure2 but .forSLRStationSimosatoconsideredto

be on the Philippine plate.

Figure 9. Same as figure 5 but for SLR Station Simosato considered to

be on the Philippine plate.

Figure 10. Same as figure 2 but for SLR Station Simosato considered to

be on the North American plate.

Figure 11. Same as figure 5 but for SLR Station Simosato considered to

be on the North American plate.

., . . - . ..!

. o .
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SLR Results and Non-Rigid Plate Motions

C G A Harrison (Rosenstiel School of Marine & Atmospheric

Science, University of Miami, Miami, Florida 33149)

Nancy B Douglas (NASA Headquarters, Washington, DC 20546)

We have analysed Satellite Laser Ranging (SLR) results to the

Lageos satellite using data which span a time of 4 or more years,
and compared these results with global plate tectonic motions.
The SLR data show rates of baseline change between pairs of
laser ranging stations. In general there is good agreement be-
tween SLR rates of baseline change and those predicted from
global plate tectonic motions. However, we have found that for
some SLR stations there are significant discrepancies between
SLR and plate tectonic data. These will be discussed. One of
the main discrepancies is with the data for Quincy, which, lying
to the east of "the San Andreas fault, is formally on the North
American plate. However, the SLR data show that Quincy is
participating in strain associated with the Basin and Range and
our data agree in general with VLBI and neotectonic data for
this region. Data from Simosato.in Japan also show discrepan-
cies. In this case, it is not clear on which plate Simosato should
be placed, but discrepancies are present for all three possibili-

," :es (Eurasia, North America and Philippine). We show that the

don-rigid motion of Simosato is explained if its motion is par-
ticipatmg in some Pacific motion, in other words, if the strain

between the Pacific and other plates is not completely taken up
at the trench axis. The reason why this appears likely is that
the motion of_Simosato not modelled by global plate tectonics
is closely aligned with the relative motion vector between the
Pacific plate and any of the three plates to the landward. The
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II. No

_-_ agreement is best if Simosato is lying on the Eurasian plate, in

data seem to support this hypothesis. In particular, the region
behind the arc seems to have a certain number of compressional
features. The third station showing discrepandes is ttuahine

F_rench Polynesia) but we have no ex1_.!anation for this, except
r non-rigid plate behavior in the Pa_fic plate, or an unknown

plate boundary.
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